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Abstract: Soil water repellency (SWR) can influence many hydrological soil properties, including water infiltration, 
uneven moisture distribution or water retention. In the current study we investigated how variable SWR persistence in 
the field is related to the soil microbial community under different plant species (P. halepensis, Q. rotundifolia, C. al-
bidus and R. officinalis) in a Mediterranean forest. The soil microbial community was determined through phospholip-
id fatty acids (PLFA). The relationships between microbiological community structure and the soil properties pH, 
Glomalin Related Soil Protein (GRSP) and soil organic matter (SOM) content were also studied. Different statistical 
analyses were used: Principal Component Analysis (PCA), ANOVA, Redundancy Analysis and Pearson correlations. 
The highest concentrations of PLFA were found in the most water repellent samples. PCA showed that microorganism 
composition was more dependent of the severity of SWR than the type of plant species. In the Redundancy Analysis, 
SWR was the only significant factor (p<0.05) to explain PLFA distributions. The only PLFA biomarkers directly re-
lated to SWR were associated with Actinobacteria (10Me16:0, 10Me17:0 and 10Me18:0). All the results suggest that a 
strong dependence between SWR and microbial community composition. 
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Soil water repellency (SWR) can greatly influence the hy-
drology and the ecology of forest soils. The hydrological impli-
cations of SWR include reduced infiltration rates, enhanced 
runoff and overland flow that can exacerbate erosion and possi-
bly flood risk (Cerdà et al., 1998; Coelho et al., 2005; DeBano 
et al., 2000; Doerr et al. 2000; Lichner et al., 2013; Moral Gar-
cía et al., 2005; Nicolau et al., 1996). SWR can also affect eco-
logical processes including an allelopathic effect by suppressing 
the germination of competing vegetation (Stevens and Tang, 
1985), and the improvement of water conservation into the soil 
profile  by penetration to depth through preferential flow path-
ways (Moore and Blackwell, 1998; Robinson et al., 2010) and 
decreased evaporation rates through hydrophobic surface soils 
(Hallett, 2007). The origin of SWR has been researched in 
many studies, and although the role of soil microorganisms has 
been appreciated for many years (Bond and Harris, 1964), data 
on the interaction between SWR and soil microbial structure are 
scarce. 
SWR, soil microbiology structure and activity are all func-
tions of abiotic and biotic conditions; soil texture and mineralo-
gy, soil moisture, climate, site specific conditions, chemical 
parameters, substrate availability, land use and plant communi-
ties (Gömöryová et al., 2013; Merilä et al., 2010; White et al. 
2005; Zornoza et al., 2009). Previous research has shown that 
water repellent patches of soil differ from adjacent wettable 
soils in pH, moisture, SOM quality and quantity, and microbial 
biomass (Doerr et al., 2000), even beneath the same plant spe-
cies (Lozano et al., 2013). When soil microorganisms decom-
pose SOM, hydrophilic compounds are more readily degraded, 
potentially resulting in an accumulation of hydrophobic com-
pounds over time. The capacity of soil microorganisms to de-
grade different SOM compounds depends upon species compo-
sition, so this may affect changes in SWR at the microsite scale 
(such as the presence of soil water repellent patches) (Müller et 
al., 2010). Early studies suggest that SWR might be caused by 
substances produced by the activity of certain fungi species 
(Savage et al., 1969). Based on these assumptions, the microbi-
ology structure in soil samples with different SWR persistence 
and under different plant species was studied for a Mediterrane-
an semi-arid forest where SWR is known to occur.  
This contribution is a continuation of previous research 
(Lozano et al., 2013), where we concluded that the quality of 
SOM, in specific a lipid fraction, could be the main factor in-
volved in SWR. However, in the case of forested land with 
Pinus, it was also postulated that soil microbiology could be 
another major factor, but this was not investigated. In the cur-
rent study, microbial community structure measured with phos-
pholipid fatty acid (PLFA) analysis, was compared to the per-
sistence of SWR.  The sites studied are the same as Lozano et 
al. (2013), which were in a Mediterranean climate and under 
trees (Pinus or Quercus), or shrubs.  A patchy distribution of 
SWR was found by (Lozano et al., 2013), so the sites were  
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Table 1. Soil properties of the different samples used in the study. 
 
 
WDPT: Water Drop Penetration Time; WR: Water Repellency; SOM: Soil Organic Matter content; GRSP; Glomalin Related Soil Protein. 
 
sampled at different locations to give a range of SWR severity 
that could then be measured for microbial community structure. 
Studying soil microbiology structure might help to understand 
the possible influence of SWR in soil microbiology, or in con-
trast, the possible influence of soil microbiology in the devel-
opment of SWR. Understanding of the relationship is of great 
ecological importance, especially given that Pinus sp. has been 
closely related to SWR (Lozano et al., 2013; Mataix Solera et 
al., 2007) and is commonly used in afforestation projects. 
 
MATERIALS AND METHODS  
Study area 
 
The study area is located in the ‘Sierra de la Taja’ (38°23’N; 
0°59’W) near Pinoso, in the province of Alicante (SE Spain). 
The region has a semi-arid Mediterranean climate with a mean 
annual precipitation of 277.5 mm and a mean annual tempera-
ture of 15.8°C ranging from 7.8°C in January to 24.1°C in Au-
gust (average 1980–2010). The area of the ‘Sierra de la Taja’ is 
approximately 500 ha. Soil samples were taken under similar 
conditions with respect to soil type, geology, plant distribution 
and slope. The soil is a Lithic Xerorthent (Soil Survey Staff, 
2006) with a calcareous nature developed over Jurassic lime-
stone. The soil texture in the area is loam, with 36% sand, 49% 
silt and 15% clay. 
Three types of vegetation covered the area:  (i) Pinus 
halepensis Miller (approximately 40 years old), (ii) Quercus 
rotundifonlia and (iii)  shrub perennial vegetation comprised 
mainly Quercus coccifera L., Rosmarinus officinalis L., Juni-
perus oxycedrus L., Cistus albidus L., Brachypodium retusum 
Pers. (Beauv.), Stipa tenaccissima L. and Pistacia lentiscus L. 
Tree and shrub species are mixed in the study area, but as a 
consequence of the relatively low density of vegetation, it was 
possible to carry out sampling that avoided interference be-






Samples were taken in September 2011, when the SWR is 
expected to be at its peak after the typical Mediterranean sum-
mer drought (Doerr et al., 2000). Soils were sampled from the 
first 2.5 cm of the A horizon at microsites (approximately 100 
cm2) beneath each of the four most representative species (Pi-
nus halepensis, Rosmarinus officinalis, Quercus rotundifolia 
and Cistus albidus; n=15 per species). Both plants and micro-
sites under each plant were randomly selected within a 100 m x 
100 m area. Based on water repellency results, we selected three 
soil samples per species for PLFAs analysis, including the vari-
ability of SWR classes found in some cases per species when 
possible (e.g. Rosmarinus and Quercus). We analysed the rela-
tionships between PLFAs with soil properties related with SWR 
such as: soil organic matter (SOM) content (Martínez-Zavala 
and Jordán López, 2009), glomalin related soil protein (Rillig, 




Soil samples were dried at room temperature (20–25°C) to a 
constant weight and passed through a 2 mm sieve to remove 
coarse soil particles before soil analysis. Soil pH was measured 
in aqueous soil extract in de-ionised water (1:2.5 w:s) at 25°C. 
SOM content was analysed by rapid dichromate oxidation of 
organic carbon (Nelson and Sommers, 1996). The persistence of 
SWR was measured by the Water Drop Penetration Time 
(WDPT) test (King, 1981). The logarithm of the WDPT value 
in seconds was used and samples were taken as water repellent 
if the value of log (WDPT) was >0.7. Based on the SWR of the 
12 samples analysed, they were divided in three groups; strong 
(log (WDPT)>1), slight (log (WDPT) >0.7 and <0.9) and wet-
table (log (WDPT) <0.7) (Table 1).  
Glomalin Related Soil Protein (GRSP) is a glycoprotein pro-
duced primarily by arbuscular mycorrhizal fungi (AMF) and is 
contained within their hyphae walls (Wright and Upadhyaya, 




WR class pH SOM  
(%) 
GRSP  
(µg prot/ g soil) 
Quercus 1 498 2.70 Strong (++) 7.8 17.0 43.4 
Quercus 2 1623 3.21 Strong (++) 8.1 16.9 41.1 
Quercus 3 5.1 0.73 Slight (+) 8.0 13.4 42.4 
Pinus 1 7 0.85 Slight (+) 7.9 12.4 35.3 
Pinus 2 6.8 0.83 Slight (+) 7.9 11.3 32.0 
Pinus 3 7.3 0.86 Slight (+) 8.0 11.5 37.1 
Cistus 1 1 0.10 Wettable (–) 8.2 5.3 27.3 
Cistus 2 1 0.10 Wettable (–) 8.1 7.1 28.6 
Cistus 3 1 0.10 Wettable (–) 8.1 5.9 24.9 
Rosmarinus 1 1 0.10 Wettable (–) 8.0 6.5 32.2 
Rosmarinus 2 21.25 1.33 Strong (++) 7.9 15.2 50.1 
Rosmarinus 3 13.25 1.12 Strong (++) 8.0 13.3 42.7 
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1996). When the AM hyphae die and decompose, they are 
thought to leave a glomalin residue in the soil (Treseder and 
Turner, 2007). GRSP was measured as the Easily Extractable 
Glomalin, which corresponded to the fraction of protein most 
recently deposited into the soil. GRSP was extracted from 0.25 
g subsamples of soil with 2 ml citric acid buffer, pH 7.0 at 
121°C for 30 min. Protein in the supernatant was determined by 
a Bradford assay (Wright and Upadhyaya, 1996). 
Phospholipid fatty acids (PLFA) analysis was carried out as 
described in Bossio et al. (1998). Briefly, fatty acids were ex-
tracted from 8 g soil using chloroform:methanol: phosphate 
buffer. They were then separated from neutral and glycolipid 
fatty acids on a solid phase extraction column (0.58 Si; Supelco 
Inc., Bellafonte, PA, USA). After mild alkaline methanolysis, 
samples were analyzed using a Hewlett Packard 6890 Gas 
Chromatograph with 25 m Ultra 2 (5% phenyl)-
methylpolysiloxane column (J and W Scientific, Folsom, CA, 
USA). Fatty acids were quantified by comparison of the peak 
areas with those of an internal standard 19:0 peak. The peaks 
were identified using bacterial standards and identification 
software from the Microbial Identification System (Microbial 
ID, Inc., Newark, DE, USA), with 48 fatty acids identified. 
Fatty acids nomenclature used was that described by 
Frostegåard et al. (1993). The fatty acids i15:0, 15:0, a15:0, 
i16:0, 16:1ω7, i17:0, a17:0, cy17:0, 17:0, 18:1ω7 and cy19:0 
were chosen to represent bacteria (Frostegård et al., 1993). The 
unsaturated PLFA 18:2ω6 was used as an indicator of fungal 
biomass (Federle, 1986). PLFAs cy17:0, 18:1ω7c, cy19:0, 
17:1ω9c, 16:1ω9c, 18:1ω9c and 15:1ω4c were chosen to repre-
sent Gram-negative [G−] bacteria (Zelles et al., 1994). The 
branched, saturated i14:0, i15:0, a15:0, i16:0, i17:0 and a17:0 
were chosen to represent Gram-positive [G+] bacteria (Zelles et 
al., 1994). The PLFA 10Me16:0, 10Me17:0 and 10Me18:0 were 
selected as indicators of actinobacteria (Zelles et al., 1994). The 
PLFA 16:1ω5 was used as indicator of vesicular–arbuscular 
mycorrhizal (VAM) fungi (Olsson et al., 1995) but has also 
been found in bacteria (Nichols et al., 1986). The total biomass 
was estimated as the sum of all the extracted PLFA (total 
PLFA). The ratio PLFA / SOM was calculated. 
 
Statistical analyses 
Principal Components Analysis (PCA) was carried out using 
MVSP 3.2 (Multivariate Statistical Package, Kovach Compu-
ting) to analyze the importance of different PLFA for different 
species and soil WR class. Normality and homogeneity of vari-
ances for all data were tested, and log transformation was made 
for WDPT results. In addition, a Redundancy Analysis (RDA) 
was used to explore the relationship between the microbial 
community composition and soil characteristics. Samples with 
similar PLFA profiles have similar scores and will therefore 
group closer together when plotted. Soil properties were tested 
for significant contributions to the variation in the PLFA data 
using the Monte Carlo permutation test (P<0.05). Soil proper-
ties are represented by vectors distributed on 2 axis. The corre-
lation with the axis is measured by both angle with the axis and 
magnitude of the vectors. Small angle and great magnitude 
means a great correlation.   RDA can be influenced by rare fatty 
acids. Fatty acids that only appear in a few samples are usually 
unreliably represented, as their values are near the detection 
limit. Hence, fatty acids that were present in less than 25% of 
the samples were omitted to avoid this problem in developing 
the analysis. RDA was performed using CANOCO for Win-
dows, Version 4.54. ANOVA-one way was also used to evalu-
ate the differences in the ratio PLFA nmol/g soil and SOM 
content (g 100 g–1 soil) between the three SWR classes. Pear-
son’s correlation coefficients (r) were calculated to quantify the 
linear relationship between soil parameters and PLFA bi-
omarkers. Statistical analyses were performed using the SPSS 
11.5 package (© SPSS Inc, 1989). 
 
RESULTS 
Microbial community structure  
 
PLFA data from the soil under the four plant species were 
subjected to PCA.  Fig. 1 shows the distribution of PC scores on 
the first two axes. PC1 explained 39% of the variance in PLFA 
composition, while PC2 explained a further 20%.  
 
 
Fig. 1. Scores of the first two principal components (PCs) analyses 
of the phospholipid fatty acids (PLFAs): (a) distribution of the 
scores of the different species and their WR class, (b) distribution 
of samples according to the WR class; values represented corre-
spond with the means and standard errors of the scores of each 
class. The different symbols indicate the WR classes; (–) = wetta-
ble, (+) = slight and (++) = strong WR. 
 
To determine whether plant species or SWR explains the 
results, PCA scores were represented in both plant species and 
SWR classes (Fig. 1(a) and (b)). Variations in PLFA composi-
tion were clearly explained when samples were separated by 
WR class (Fig. 1(a) and (b)). Axis 1 separated almost all the 
samples into water repellent and wettable, while axis 2 sepa-
rated strong from slight water repellent and wettable samples. 
However, the separation between species was just clear for 
Pinus and Cistus in Axis 1.The RDA performed on all data (Fig. 
2) showed that the first two axes explained 88.3% of the total 
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Fig. 2. Samples and soil characteristics biplots (a) and loadings 
plots (b) from RDA performed on the relative concentration of 
PLFAs in soils under the different species studied: Quercus, Pinus, 
Cistus and Rosmarinus. SOM: soil organic matter; WR: water 
repellency. 
 
variation. Axis 1 separated WR samples from wettable samples 
and explained 32.1% of the variation, whilst Axis 2 explained 
56.2% of the variation. The variables GRSP, SWR and SOM 
accounted for a large amount of the variation in the distribution 
along Axis 1 and thus with samples that showed water repellen-
cy. However, only the SWR variable was significant (p<0.05) in 
explaining the PLFA data. In contrast pH was not associated 
with these soils (Fig. 2(a)). Vectors defining the axis are strong-
ly related with the PLFA which appears in that axis (Ter Braak, 
1987). Certain PLFAs were strongly associated with water 
repellent samples, which were characterized  by high concentra-
tions of the saturated PLFAs 14:0, 15:0, 16:0, 17:0, 18:0, 20:0 
and 18:02OH, as well as the unsaturated PLFAs i14:0, 16:1w7t 
and cy17:0 that are mainly representative of bacteria (Fig. 2(b)). 
The PLFA 18:2w6, representative of fungi, was also associated 
with these samples. These samples were clustered with metilat-
ed PLFAs 10Me17:0 and 10Me18:0 which are indicators of 
actinobacteria. 
 
Total PLFA content 
 
Significant differences in total PLFA content were found be-
tween water repellent and wettable samples. The highest con-
centrations were found in water repellent soil samples (Fig. 
3(a)). Nevertheless, the greater content of microbial PLFA per g 
of SOM content was found in wettable samples. The contents of 
microbial PLFA in strongly and slightly water repellent soil 
samples were similar (Fig. 3(b)). 
 
Fig. 3. (a) Total PLFAs content (nmol/g soil) in samples grouped 
by the different soil WR class. (b) Total PLFAs content (nmol/g 
SOM) for samples grouped by the different soil WR class. Standard 
errors in bars. Different letters show the statistically significant 
differences between the different soil WR classes determined with 
the Tukey test (P ≤ 0.05). 
 
Biomarkers and its relationship with environmental param-
eters 
 
Significant correlations were found between physico-
chemical parameters and biomarkers (Table 2). WR was corre- 
lated with actinobacteria and total PLFAs. SOM content was 
correlated with all the parameters with the exception of Gram- 
positive bacteria. However, all the parameters were strongly 
correlated with GRSP. No correlations were found with pH. 
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Table 2. Pearson's correlation coefficients of PLFAs biomarkers with other soil parameters. 
 
  Bact/Fung Gram + Gram - Actinobacteria Fungi Total 
LogWDPT 0.359 0.573 0.523 0.676* 0.451 0.608* 
SOM 0.811** 0.526 0.732** 0.758** 0.638* 0.736** 
GRSP 0.913** 0.670* 0.896** 0.623* 0.797** 0.782** 
pH –0.497 –0.516 –0.389 –0.514 –0.524 –0.507 
 
WDPT: Water Drop Penetration Time; WR: Water Repellency; SOM: Soil Organic Matter content; GRSP; Glomalin Related Soil Protein; 





The results of this study indicate that for the calcareous soil in 
semiarid conditions that was studied, patterns in soil microbial com-
munity structure were clearly grouped better by SWR class than 
by plant species. Soil water repellent samples were more similar 
in microorganism composition between themselves than from 
samples within the same plant species (Fig. 1). This is not unu-
sual in the Mediterranean region, where vegetation patterns 
exhibit a high spatial heterogeneity (Valladares et al., 2002) 
comprising a mixture of trees and shrubs that may interact. 
However, the patchy distribution of soil WR seems to influence 
the microbial community structure, including the prevalence of 
specific groups of microorganisms like actinobacteria, more 
than vegetation in our study. This finding is supported by 
Brockett et al. (2012), who found soil moisture and SOM to be 
more important than vegetation for soil microbial community 
than broad biogeographical regions.  Their study was carried 
out in a Canadian forest, where climate and possibly the preva-
lence of SWR would be very different than the Mediterranean 
site that we studied. The interaction between SWR and soil 
moisture is complex (Doerr et al., 2000), and to our knowledge 
the interplay between these properties and the development of 
soil microbial structure has not been examined to date.  There is 
a challenge to understand if microbial community structure is 
driven by or drives SWR.  As biological impacts on SWR occur 
at the microscale (Rillig et al., 2005; Roper, 2004), small-scale 
measurements could disentangle spatial variation across milli-
meter resolution that may drive different microbial communities 
over small distances. 
Many studies have found plant species composition to be a 
good indicator of belowground community composition 
(Mitchell et al. 2010; Thoms et al., 2010). In these studies the 
differences between plants of the same species cannot be distin-
guished, replicates of samples were combined for microbiologi-
cal analysis, so differences found represent the general influ-
ence of tree species in a large area.  However, our results are not 
in complete disagreement as SWR persistence is closely related 
to SOM content and quality, which in turn is dependent on 
vegetation cover (Lozano et al., 2013; Mataix-Solera et al., 
2007). The influence of the dominant plant species on the input 
of SOM to soils is mainly attributed to the different amount and 
chemical composition of litter and root exudates (Graystone et 
al., 1996; Zak et al., 2003). Nevertheless, SWR has a patchy 
distribution even under the same vegetation cover type (Mar- 
tínez-Zavala and Jordán-López, 2009), and this seems to influ-
ence soil microbial structure. Hydrophobic compounds of SOM 
may derive directly from the decomposition of plant leaves that 
contain considerable amounts of waxes, aromatic oils, resins 
and other hydrophobic substances (Doerr et al., 2000), which 
are generally more resistant to microbial degradation than hy-
drophilic ones. These hydrophobic compounds may select for 
microorganisms capable of producing enzymes to utilize them 
in soil.  
Our results agree with the hypothesis about SWR as an obe-
sity syndrome proposed by Müller and Deurer (2011). The 
appearance of hydrophobicity in the soil is due to the accumula-
tion of hydrophobic substances in soil at a higher rate than its 
capacity of degradation. The smallest microorganism / SOM 
content ratio was found under the water repellent samples (Fig. 
3(b)). These results might indicate that the input of organic 
matter is impairing the input of microorganism biomass (SOM 
content increases faster than the microorganisms), which im-
plies disequilibrium in the mineralization rates. This may pro-
duce shifts in the microbial community. Many studies point out 
the important role of biotic factors (microbial community struc-
ture and activity) in SOM mineralization, in addition to the 
environmental conditions and organic matter content (Blagodat-
sky et al., 2010; Garcia-Pausas and Paterson, 2011). 
The persistence of SWR depends, in part, on the presence of 
microorganisms capable of degrading water repellent com-
pounds. In our soil samples, actinobacteria seemed to be the 
only group directly correlated to SWR (Table 2). The results 
obtained in the study of Roper (2004), in which wax degrading 
bacteria were isolated and identified from water repellent soils, 
showed that a significant proportion of the wax-degrading bac-
teria belonged to actinobacteria. Many of these microorganisms 
have the potential to degrade waxes that cause SWR through the 
production of surface active molecules that facilitate their deg-
radation (Roper, 2004). However, many PLFA mainly from 
bacteria were clustered with water repellent samples (Fig. 2(b)). 
These PLFA might have been present in a higher concentration 
in specific bacteria, which may have been important in the 
degradation of water repellent compounds. These bacteria may 
correspond to another bacteria isolated by Roper (2004), which 
did not correspond to actinobacteria. 
No significant correlation has been found between the pH 
and the PLFA biomarkers in our results. This is different to a 
number of studies that identified soil pH as one of the main 
environmental factors driving soil microorganisms functions 
and structure (Bääth and Anderson 2003; Hackl et al., 2005; 
Högberg et al., 2007). However, the range of the pH values in 
our soils is very low (7.8–8.2) which is probably the main rea-
son for the lack of the significant correlations. 
The development of SWR from the metabolic products  of 
micoorganism activity was first demonstrated decades ago 
(Bond and Harris, 1964) and SWR development has also been 
directly related to certain fungi species (Rillig et al., 2005; 
Savage et al., 1964; White et al., 2000). In our research we 
found a relationship between field SWR and microbial commu-
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nity structure, particularly actinobacteria.  The underlying 
mechanisms driving this relationship needs further study as it 
could not be concluded whether SWR was a product of the 




In the Mediterranean forest context, SWR was found to be 
related to microbial community composition. The accumulation 
of different hydrophobic compounds might be causing the shifts 
in microbial community structure or the soil microbial structure 
could be conditioned by the presence of SWR. Differences in 
the soil parameters (moisture, temperature, GRSP accumulated, 
quality of SOM) at the spatial microscale might be also respon-
sible for the shifts in the microbial community composition, due 
to their role in the SOM mineralization. Our results suggest that 
actinobacteria are predominant in SWR samples, so further 
investigation of their impact on SWR development or competi-
tive ability in water repellent soils might unravel underlying 
processes.  We provided further evidence that soil hydrology 
and microbial communities are closely linked properties in 
soils. 
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